Abstract. Pancreatic cancer is aggressive and therefore difficult to treat; however, continued efforts have been made with the aim of developing an effective therapy against the disease. The Hedgehog (Hh) signaling pathway is reportedly involved in the proliferation and survival of pancreatic cancer cells. The transcription factor glioma-associated oncogene (Gli) is a key component of the Hh signaling pathway and the primary effector of pancreatic cancer development. Inhibiting Gli is a proven therapeutic strategy for this disease. The present study examined the regulation of Gli and the expression of its target genes to identify an inhibitor of the Sonic Hh (Shh) pathway. A germacranolide sesquiterpene lactone (GSL) was isolated from Siegesbeckia glabrescens as an inhibitor of Gli-mediated transcription. The results demonstrated that GSL inhibited Shh-induced osteoblast differentiation and Gli homolog 1 (Gli1)-mediated transcriptional activity in mesenchymal C3H10T1/2 stem cells. Furthermore, GSL suppressed Gli-mediated transcriptional activity in human pancreatic cancer PANC-1 and AsPC-1 cells, which resulted in reduced cancer cell proliferation and downregulated expression of the Gli-target genes, Gli1 and cyclin D1. A sesquiterpene lactone from S. glabrescens may therefore serve as a candidate for the treatment of Hh/Gli-dependent pancreatic cancer.
Introduction
Pancreatic cancer is currently one of the leading causes of cancer-associated mortality in industrialized countries, with an incidence rate equaling its mortality rate (1) . The number of newly diagnosed cases and mortalities per 100,000 individuals are 12.4 and 10.9, respectively, according to the National Cancer Institute (Bethesda, MD, USA; http://seer. cancer.gov). Despite research efforts, there has been limited progress regarding the treatment of this disease; therefore, novel strategies to identify new therapeutic agents are urgently required. The Hedgehog (Hh) signaling pathway is critical for morphogenesis signaling and is inappropriately activated in patients with pancreatic cancer (2, 3) . In addition, this pathway is associated with the growth and metastasis of various types of tumors, including pancreatic cancer (4, 5) . Therefore, the Hh pathway serves as a therapeutic target, and inhibitors of Hh signaling may function as novel therapeutic drugs for the treatment of pancreatic cancer.
The Hedgehog (Hh) pathway regulates embryonic organogenesis and tissue growth (6) , and is activated by Hh ligands, including Sonic Hh (Shh), which binds to a 12-pass transmembrane spanning receptor known as Patched (Ptch) (7) . Binding of the Hh ligand to Ptch relieves repression of a 7-pass transmembrane receptor called Smoothened (Smo) (8) . Released Smo activates the signaling pathway, resulting in release of the glioma-associated oncogene (Gli) transcription factor family [including Gli homolog 1 (Gli1), Gli2 and Gli3], which translocate to the nucleus and trigger expression of Gli target genes, such as Gli1 and cyclin D1, for cell growth (9) .
Inhibitors of Smo in the Hh pathway have been a frequent focus of therapeutic drug development and have been evaluated in preclinical models (10, 11) . However, resistance to Smo inhibitors may develop clinically (12, 13) . Smo inhibitors are ineffective in tumors accompanied by overactivated Gl, downstream of Smo (14) . Thus, Gli, which is downstream of Smo, is an important target for repressing activated Hh signaling. Several studies have reported that Gli1 and Gli2 are the primary transcriptional effectors involved in tumor formation (15, 16) . In addition, the importance of Gli1 in tumor progression and development is well recognized in human cell culture systems.
A number of studies have demonstrated that targeting Gli1 may be a promising cancer therapeutic strategy (17, 18) .
During the search for plant-derived inhibitors of the Hh/Gli signaling pathway, the present study observed that a sesquiterpene from Siegesbeckia glabrescens repressed Gli-mediated transcriptional activity and suppressed proliferation of human pancreatic cancer cells. S. glabrescens Makino (Compositae, 'Hi-Chum' in Korea) has been used as an herbal medicine to treat paralysis, inflammatory diseases, allergic disorders and asthma. Extracts of S. glabrescens exhibit antioxidative, antiallergic, anti-inflammatory (19) and anti-tumor activities (20) . It was previously reported that a germacranolide sesquiterpene lactone (GSL) from S. glabrescens exhibited anti-inflammatory activity by downregulating inducible nitric oxide synthase and cyclooxygenase-2 expression in lipopolysaccharide-activated macrophages (19) . Herein, the present study reports the use of a GSL from S. glabrescens as an inhibitor of Hh/Gli-mediated transcription.
Materials and methods
Plant material and isolation from S. glabrescens. Part of a S. glabrescens plant (voucher specimen no. SPH 05007 at the College of Pharmacy, Sookmyung Women's University, Seoul, Korea) was obtained from wild at Wan-Do (Jeollanam-do province, Korea) in 2005. The GSL isolation procedure was performed as described previously (19) . The GSL structure was confirmed to be 2-propenoic acid, 2-methyl-2,3,3a,4,5, 8,9,10,11,11a,-decahydro-6,10-bis (hydroxymethyl)-3-methylene-2-oxocyclodeca (b) furan-4-yl ester by spectroscopic methods (Fig. 1A) .
Cell lines, chemicals and biochemicals. Human pancreatic cancer PANC-1 and AsPC-1 cell lines, and mouse mesenchymal C3H10T1/2 stem cells (American Type Culture Collection, Manassas, VA, USA) were cultured in Dulbecco's modified Eagle's medium (DMEM) containing 10% fetal bovine serum (FBS) and streptomycin/penicillin (Thermo Fisher Scientific, Inc., Waltham, MA, USA). GANT61 (purity, ≥98%), a synthetic Gli inhibitor, was purchased from Sigma-Aldrich (St. Louis, MO, USA). Cyclopamine (purity, ≥98%; Sigma-Aldrich), a representative plant-derived Smo inhibitor in the Hh pathway, was used as a positive control for the evaluation of the inhibitory properties of the Hh pathway.
Preparation of Shh-conditioned media (Shh-CM).
Hh signaling was induced by Shh-CM (21) . The Shh expression construct was transiently transfected into HEK293 cells to prepare the Shh-CM. Shh-producing HEK293 cells were grown to 80% confluency in DMEM containing 10% FBS. The medium was subsequently replaced with DMEM containing 2% FBS, and allowed to grow for 5 days. The CM was harvested and filtered through a 0.22 µm membrane.
Alkaline phosphatase (ALP) assay. C3H10T1/2 cells were seeded at 5x10 3 cells/well in a 96-well plate and allowed to attach for 4 h, which was followed by the addition of Shh-CM and GSL. Following incubation at 37℃ for 96 h, 0.9% NaCl with 0.2% Triton X-100 was added to the cells and lysed for 15 min. The cell lysates were mixed with ALP substrate (4 mM p-nitrophenyl phosphate disodium) and reaction buffer [200 mM Tris-HCl (pH 10.5), 0.4 M 2-amino-2-methylpropanol and 8 mM MgCl 2 ] and incubated in the dark at 37˚C for 45 min. Absorbance was measured at 415 nm using a microplate reader (Molecular Devices, LLC, Sunnyvale, CA, USA). The assay was performed in triplicate.
Gli1/Gli-dependent luciferase reporter assay. C3H10T1/2 cells were transiently transfected with Gli1, Gli-dependent firefly luciferase and β-galactosidase expression constructs (C3H10T1/2-Gli1-Luc cells) to assess Gli1-mediated transcriptional activity. The transfected cells were treated with GSL in the presence of either Shh-CM or HEK293 control medium. Following 30 h of incubation at 37˚C, Gli1-dependent firefly luciferase and β-galactosidase activities were measured using a microplate luminometer (Perkin Elmer, Inc., Waltham, MA, USA).
Plasmids of the Gli-dependent firefly luciferase reporter construct and β-galactosidase expression construct were transiently transfected into PANC-1 cells (PANC-1-Gli-Luc cells) to assess Gli-mediated transcriptional activity in human pancreatic cancer cells. These cells were treated with various concentrations of GSL (0, 1, 5, 10 and 20 µM). Following 20 h of incubation at 37˚C, cellular firefly luciferase and β-galactosidase activities were measured with a microplate luminometer.
Cell proliferation assay. Cells were plated at a density of 3x10 3 cells/well in a 96-well plate. The cells were incubated with various concentrations of GSL (0, 5, 10 and 20 µM) for 3 days, treated with MTT (5 mg/ml) solution for 4 h, and lysed with dimethyl sulfoxide. Absorbance was read at 540 nm using a microplate reader. The vehicle-treated group was considered as 100% of cell proliferation for each cell line.
Western blot analysis. PANC-1 and AsPC-1 cells were treated with various concentrations of GSL (0, 1, 5, 10 and 20 µM) for 20 h, harvested and lysed gently with cell lysis buffer (Cell Signaling Technology, Inc., Danvers, MA, USA). The cell lysates were centrifuged at 10,000 x g for 20 min at 4˚C and the supernatants were collected, which were subjected to 10% sodium dodecyl sulfated-polyacrylamide gel electrophoresis and transferred to polyvinylidene difluoride membranes. Anti-Gli1 (cat. no. 2553), cyclin D1 (cat. no. 2922), phospho-Akt (p-Akt; cat. no. 9271), and total Akt (cat. no. 9272) rabbit polyclonal antibodies (dilution, 1:1,000; Cell Signaling Technology, Inc.) were used for the immunoblot analysis. The bands were detected by LAS3000 (Fujifilm Holdings Corporation, Tokyo, Japan) upon incubation with enhanced chemiluminescence reagents (GE Healthcare Life Sciences, Uppsala, Sweden).
Statistical analysis. Data are presented as the mean ± standard deviation. P-values were determined with the unpaired Student's t-test, which was used to evaluate significant differences between the control and the test group. P<0.05 was considered to indicate a statistically significant difference. All analyses were performed using SPSS 19.0 software (SPSS Inc., Chicago, IL, USA).
Results
Effects of GSL on ALP activity and Hh/Gli-mediated transcriptional activity in mouse mesenchymal C3H10T1/2 stem cells. ALP activity was evaluated in Shh-CM-triggered mouse mesenchymal C3H10T1/2 stem cells to investigate the effects of GSL on the Hh signaling pathway. The Hh signaling pathway is involved in osteoblast differentiation accompanying activation of ALP as a marker of osteoblast differentiation (22) . C3H10T1/2 cells were treated with GSL and/or Shh-CM for 96 h. Cyclopamine, a Smo inhibitor (23) , was used as a positive control. As presented in Fig. 1B , GSL decreased ALP activity in Shh-CM-treated C3H10T1/2 cells in a dose-dependent manner compared with the vehicle, which exhibited a high level of ALP activity. These results indicate that GSL inhibits the differentiation of Shh-induced C3H10T1/2 cells into ALP-positive osteoblasts by interfering with Hh signaling. The present study subsequently investigated whether GSL inhibits Shh-induced Gli1-mediated transcription. The activity of Gli1-mediated transcription was measured as luciferase activity in C3H10T1/2-Gli1-Luc cells. Cyclopamine was used as the positive control. As presented in Fig. 1C , GSL treatment inhibited Shh-CM-induced luciferase activity in a dose-dependent manner. β-galactosidase activities were not affected by GSL up to 20 µM, indicating no cytotoxic effects. These results suggest that GSL modulates the Hh/Gli signaling pathway by suppressing Shh-CM-induced Gli1-mediated transcriptional activity.
Effects of GSL on Gli-mediated transcriptional activity in human pancreatic cancer cells. Gli-mediated transcriptional activity was determined in PANC-1 cells to elucidate the effect of GSL on Shh signaling in human pancreatic cancer. PANC-1 cells, which express aberrantly activated Gli1 (2), were transiently transfected with Gli-dependent firefly and β-galactosidase reporters (PANC-1-Gli-Luc cells). GSL treatment suppressed luciferase activity in a dose-dependent manner compared with the vehicle treatment, which exhibited high luciferase activity (Fig. 2) . GANT61, an inhibitor of Gli-mediated transcription (24), was used as the positive control. The GSL or vehicle treatments did not affect β-galactosidase 
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activities, indicating that GSL inhibits Gli-mediated transcriptional activity in human pancreatic cancer cells.
Effects of GSL on the proliferation of human pancreatic cancer cells. Next, the current study investigated whether GSL affects Gli-mediated proliferation in human pancreatic cells (PANC-1 and AsPC-1 cells) with an increased Hh signal. C3H10T1/2 cells were used as controls with no dependence on the Hh signal. GANT61 was used the positive control Gli-inhibitor that inhibits cell proliferation. As presented in (Fig. 3) . It has been previously reported that phosphatidylinositol 3-kinase (PI3K)/Akt signaling interferes with Gli signaling without inhibiting Smo (25) . Thus, the current study examined the effect of GSL on PI3K/Akt signaling, and it was observed that GSL had no effect on p-Akt/total Akt levels in the PANC-1 cells (Fig. 3) . These results indicate that GSL suppressed proliferation of pancreatic cancer cells by downregulating Gli1 and cyclin D1 expression through repression of Gli-mediated transcription and did not disrupt PI3K/Akt signaling.
Discussion
The Hh pathway is responsible for regulating and coordinating cellular growth and development in the embryo, and is implicated in the formation and development of tumors, including pancreatic cancer (26, 27) . The Hh pathway is activated by binding of Shh to Ptch, which activates Smo and subsequently the Gli family (28) . The Gli family has three mammalian homologs; Gli1 and Gli2 function as activators of Hh signaling to induce the expression of target genes, including Gli1 and cyclin D, whilst Gli3 is a repressor of Hh signaling (29, 30) . Gli1 and Gli2 regulate the expression of target genes related to cell growth and survival; however, Gli2 may function as an effective transcription factor in the absence of Gli1 (31). Table I . Inhibitory effect (%) of GSL on the proliferation of PANC-1, AsPC-1 and C3H10T1/2 cells. Figure 3 . Effect of GSL on Gli1 and cyclin D1 protein levels in human pancreatic cancer cells. Cells were treated with GSL at the indicated concentrations for 20 h. Cell lysates were prepared, and the Gli1, cyclin D1 and β-actin protein levels were determined by western blotting. Images are representative of three independent experiments with similar results. GSL, germacranolide sesquiterpene lactone; Gli1, glioma-associated oncogene homolog 1; p-, phospho.
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Recent evidence suggests a critical role of Hh signaling in tumorigenesis through mutations in Ptch or Smo, which lead to hyperactivation of Gli in certain tumor types, including pancreatic cancer (32) . Constitutive activation of Gli is associated with tumor formation and growth (33) (34) (35) . Although Smo antagonists have been studied to treat Hh-directed cancer (36) , therapeutic efficiencies were extremely low in preclinical and clinical models of tumors accompanying activation of Smo-downstream components, including Gli (37, 38) . Therefore, targeting the Hh pathway at the level of Gli rather than at the level of Smo may be a better strategy for treating cancer associated with an uncontrolled Hh pathway.
In the present study, it was observed that GSL from S. glabrescens inhibited the Hh/Gli signaling pathway in C3H10T1/2 cells (Fig. 1) . Mesenchymal stem cells differentiate into osteoblasts following Hh signal activation, and high ALP activity may be measured as a marker of osteoblast differentiation (39) . Mesenchymal C3H10T1/2 stem cells were treated with Shh-CM to induce osteoblast differentiation through activation of the Hh pathway. GSL inhibited Shh-induced ALP activity in the C3H10T1/2 cells by suppressing the Hh signaling pathway. Luciferase activity was measured in C3H10T1/2-Gli1-Luc cells to evaluate the inhibitory potential of GSL on Shh-induced Gli-mediated transcription. While Shh-CM increased luciferase activity by inducing Gli1 transcription, GSL inhibited luciferase activity in a dose-dependent manner. These results indicate that GSL inhibits the Hh/Gli signaling pathway, consistent with the ALP activity result.
The majority of inhibitors of the Hh signaling pathway target Smo; however, other mechanisms of Hh signal-directed cancer have been reported, including Ptch mutations or overexpression of the Shh ligand or Gli in pancreatic cancer (40, 41) . The present study examined the inhibitory potential of GSL on Gli-mediated transcription in human pancreatic cancer PANC-1 cells, which overexpress Gli and are Smo insensitive (2, 42) . The inhibition of Gli-mediated transcription activity suggests that GSL suppresses downstream of Gli to inhibit cancer cell proliferation or gene expression.
Furthermore, the current study observed that GLS suppressed Gli-mediated proliferation of the human pancreatic cancer PANC-1 and AsPC-1 cells. PANC-1 cells are reported to be cyclopamine-insensitive (42), whereas AsPC-1 cells are cyclopamine-sensitive and Hh signaling-dependent cancer cells, as they overproduce Shh (43) . As presented in Table I , the anti-proliferative potential of GSL against pancreatic cancer cells is stronger than that against the control C3H10T1/2 cells.
Several plant-derived modulators of the Hh/Gli signaling pathway have been reported, including cyclopamine (steroidal alkaloid) as a Smo antagonist, and staurosporinone (bisindole alkaloid) and zerumbone (sesquiterpene) as inhibitors of Gli-mediated transcription (44). Hosoya et al (44) reported that the α, β-unsaturated carbonyl group in zerumbone is important for inhibiting Gli-mediated transcription, but zerumbone has similar cytotoxicity in PANC-1 and C3H10T1/2 cells. In the present study, GSL was 5-fold more toxic against the PANC-1 and AsPC-1 cells than it was against the C3H10T1/2 cells. The structural requirements for cell-type selective toxicity of GSL in Hh/Gli signaling requires clarification in further investigations.
Gli1 and cyclin D1 expression is dependent on Gli-mediated transcription (45) . Gli1, a target gene of the Gli transcription factor, regulates transcription of the Hh responsive genes by itself (46) . Gli1 is upregulated in the majority of pancreatic cancer tissues and its level of expression is positively correlated with Hh signaling (47) . Cyclin D1, another Gli target gene, functions as a cell cycle regulator and is important in carcinogenesis (48, 49) . In the present study, basal levels of Gli1 and cyclin D1 were elevated in PANC-1 and AsPC-1 cells. GSL downregulated Gli1 and cyclin D1 protein levels in a dose-dependent manner (Fig. 3) . These results are in accordance with the decline of Gli-mediated transcriptional activity and proliferation of pancreatic cancer cells. Furthermore, p-Akt/total Akt protein levels were not affected by GSL treatment in the PANC-1 cells (Fig. 3) , suggesting that GSL has no effect on the PI3K/Akt signaling pathway, which may be involved specifically in regulating Hh/Gli signaling.
In conclusion, the current study identified a GSL derived from S. glabrescens that functions as a modulator of the Hh/Gli signaling pathway. This compound exerted anti-proliferative effects against human pancreatic cancer PANC-1 and AsPC-1 cells, at least partially, by downregulating Gli-mediated transcriptional activity, and Gli1 and cyclin D1 expression. GSL from S. glabrescens may be a valuable candidate for the development of novel therapeutic agents against Hh/Gli-dependent forms of cancer.
